Aims-To determine whether it is possible to assess baroreflex sensitivity in neonates by studying only spontaneous variations in systolic blood pressure and heart rate. Methods-ECG and non-invasive blood pressure signals were continuously studied in 14 preterm neonates (term 29-32 weeks) and five term neonates (term 40-41 weeks). Non-invasive blood pressure measures were obtained using a Finapres placed around the child's wrist. Both signals (ECG and blood pressure), sampled at 400 Hz, were digitised by an A/D converter and stored in a binary mode on magnetic disk. An inhouse software QRS detection algorithm was used to define R peaks of the QRS complexes with an accuracy greater than 2 ms. Four 4 minute periods were recorded in each infant. The slope of the linear regression of RR intervals versus systolic blood pressure was calculated in each period and the mean value of the four slopes was then considered as the index of baroreflex sensitivity (in ms/mm Hg) in each neonate. Results-Spontaneous baroreflex sensitivity was lower in preterm neonates than in term neonates (mean(SD): 4.07 (2.19) ms/mm Hg vs 10.23 (2.92) ms/mm Hg). Conclusion-Baroreflex sensitivity can be assessed in term and preterm neonates by studying spontaneous variations in systolic blood pressure alone. This method could be useful for studying the ontogeny of baroreflex sensitivity and might therefore provide information about the maturation of the autonomic nervous system. (Arch Dis Child 1997;76:F108-F112) Keywords: blood pressure; heart rate; baroreflex sensitivity; autonomic nervous system.
Arterial baroreceptors have an important role in beat-to-beat modulation of eVerent cardiovascular autonomic activity, acting on the vasculature and the heart. The baroreflex acts as a negative feedback control loop of arterial blood pressure and exerts a buVering influence on its spontaneous fluctuations.
Baroreflex sensitivity is defined as the slope of linear regression of RR intervals on the electrocardiogram vs systolic blood pressure. The steeper the slope, the higher the baroreflex sensitivity. A steep slope of regression line is interpreted as indicating a strong vagal reflex; a flat slope indicates a weak vagal reflex and high reflex sympathetic activity. 1 In adults the usual methods of measurement of baroreflex sensitivity require pharmacologically or mechanically induced changes in systolic blood pressure. These methods are limited by their perturbational character and by possible modifications of barosensitive areas induced by the drugs. 2 3 These limitations prompted the development of another method that evaluates baroreflex sensitivity from spontaneous changes in systolic blood pressure (Sp-SBP). The spontaneous baroreflex sensitivity (Sp-BRS) method provides a reliable, non-invasive assessment of vagal cardiac baroreflex sensitivity in animals and adults within its physiological operating range. 4 5 In human neonates, little or no information is known about baroreflex sensitivity for several reasons. First, it would be dangerous and unethical to alter pharmacologically baroreceptor activity. Second, until recently, continuous non-invasive recording of systolic blood pressure was not feasible in neonates. Automated devices using the principle of oscillometry (Dinamap; Critikon) measure arterial blood pressure non-invasively, but it is not possible to observe the instantaneous variations because the delay of the response is too long. However, we demonstrated recently that Finapres (Ohmeda), a non-invasive method displaying continuous arterial waveform of the blood pressure, displayed arterial blood pressure values reasonably close to those obtained invasively in neonates. 6 Indeed, in eight neonates we compared the ability of Finapres to reproduce the beat-to-beat signal of arterial blood pressure with that of an umbilical intraarterial catheter. The agreement between the two methods was acceptable, as shown by reasonably small diVerences (1.81 (3.3) mm Hg for systolic blood pressure and 0.11 (1.9) mm Hg for disatolic blood pressure).
The purpose of this study was, therefore, to determine whether baroreflex sensitivity can be assessed non-invasively in human neonates by studying spontaneous variations in systolic blood pressure using Finapres.
Methods
The study protocol was approved by the university hospital ethics commmittee. Eighteen preterm neonates and seven term neonates, admitted to intensive care, were studied. All infants were in a stable condition while supine. A reliable baroreflex sensitivity value could be obtained in only 19 of these 25 neonates (14 preterm and five term neonates) (table 1) . Assessments were performed between 0800 and 1400 hours.
ASSESSMENT OF BAROREFLEX SENSITIVITY
We recorded continuously the systolic blood pressure and the ECG signal during four 4 minute periods in each neonate. About 10 minutes was allowed to elapse between each period. In each 4 minute period, we selected a shorter period (duration of a few seconds), where systolic blood pressure varied enough to induce a heart rate response consistent with baroreflex activity-that is, bradycardia in response to an increase in systolic blood pressure (+RR/+ SBP) or tachycardia in response to a decrease (-RR/-SBP). This period was composed of at least 10 points (10 cardiac cycles). Baroreflex sensitivity was measured from the data recorded during this short period. We therefore obtained four measurements of baroreflex sensitivity in each infant. We considered the data suitable for baroreflex sensitivity assessment only if at least three measurements out of four produced similar results and if the regression line comprised a minimum of 10 points (10 cardiac cycles) with an r≥0.80. In each infant the mean value of the three or four accepted slopes was regarded as the index of baroreflex sensitivity.
Methods of measurement
During each manipulation, the electrocardiographic lead with the greatest QRS amplitude and the shortest QRS duration (usually DII) was continuously monitored using an ECG monitor (Mingograf 34; Siemens). A continuous non-invasive arterial blood pressure signal was measured using the volume clamp method and a Finapres 2300 (Ohmeda Inc, USA). The plethysmographic cuV is placed around the neonate's wrist instead of the finger, which is the usual position in adults (there were no complications or discomfort due to the use of the apparatus), and the cuV pressure was modulated to maintain transmural pressure at eVectively zero. To do so, the cuV is inflated automatically to the pressure level at which the pulse volume curve is obtained with maximal amplitude (this value is usually equal to mean arterial pressure). The cuV pressure is then changed rapidly by a servocontrol system to keep the finger pulse signals constant-to keep transmural pressure across the arterial wall at zero throughout the whole cardiac cycle. Care were taken to measure blood pressure at heart level (cuV at the same hydrostatic level).
The servo-reset mode of the Finapres was turned oV during the recording and was reset between recordings. The ECG and arterial blood pressure were recorded simultaneously and converted from analogue to digital (A/D) format with a temporal resolution of 200 Hz/channel and an amplitude resolution of 12 bits.
Sp-BRS (ms/mm Hg) was evaluated from Sp-SBP (± SBP) and heart rate changes (± RR). Baroreflex sensitivity can be measured by computing the slope of the regression line between changes in systolic blood pressure and the following pulse interval, during either bradycardia/hypertension (+ RR/+ SBP) or tachycardia/hypotension (-RR/-SBP). Sequences of increasing or decreasing systolic pressures with directionally opposite changes in RR interval (+RR/-SBP; -RR/+ SBP) were not analysed as they do not seem to represent physiological baroreflex responses. 4 The A/D converted signals were stored in a computer. An inhouse software QRS detection algorithm was used to define R peaks of the QRS complexes with an accuracy of more than 2 ms. All data acquisitions and analyses were performed using a menu-driven software package. For calculation of Sp-BRS, a short period was selected where changes in systolic blood pressure ranged between 10 to 20% of the baseline level with concomitant changes in RR intervals. Beat-to-beat values of RR intervals were plotted against systolic blood pressure values of the preceding cardiac cycle (RR (n+1) vs SBP n ) in a period with an increase (+ SBP) or decrease (-SBP) in systolic blood pressure. A linear regression analysis between RR (n+1) and SBP n was performed. The slope of the regression line and the corresponding correlation coeYcient (r) were calculated.
Data were expressed as mean (SD) of the mean and were compared using a paired or unpaired Student t test, as applicable. DiVerences were considered significant at P<0.05.
Results
The gestational ages of the preterm and term neonates were, respectively, 31.3 (3.8) and 40.60 (0.550) weeks. Of the 18 preterm neonates studied, only 14 had enough spontaneous variations in systolic blood pressure to allow Sp-BRS to be measured. To evaluate the individual reproducibility of baroreflex sensitivity measurement, in four neonates, we measured baroreflex sensitivity at the same time of the day for four consecutive days (fig 2) . Values of Sp-BRS were very similar when calculated for four consecutive days in the same four neonates at the same time in the morning. In each of the four neonates and for each point of the figure, the mean value of six accepted slopes (r >0.8) was regarded as the index of Sp-BRS.
Sp-BRS is positively correlated with the corrected age (r=0.75, P<0.001). Thus baroreflex sensitivity steadily increases from preterm to term neonates.
In two neonates, we measured baroreflex sensitivity before and after treatment with prantal, a parasympatholytic agent. These babies, whose gestational ages were, respectively, 28 and 30 weeks, both had frequent episodes of severe bradycardia. Treatment with prantal significantly decreased their baroreflex sensitivity values, from 11.61 (1.90) ms/mm Hg to 3.92 (1.30) ms/mm Hg in the first one, and from 16.79 (1.67) ms/mm Hg to 1.58 (0.16) ms/mm Hg in the other.
Discussion
In adults several non-perturbational methods have already been described to estimate Sp-BRS-in humans 4 as well as in animals. 7 8 These studies showed that pharmacological baroreflex sensitivity is strongly positively correlated with Sp-BRS, although Sp-BRS operates only in a small linear portion of the sigmoidal curve estimated from pharmacological estimation of baroreflex. 8 Classic pharmacological methods of assessment of baroreflex sensitivity are limited by their perturbational character and by theoretical considerations, such as modifications of barosensitive areas induced by drugs. 3 The Sp-BRS method is based on the assumption that spontaneous fluctuations in systolic blood pressure also stimulate baroreceptors, inducing fluctuations in RR intervals by baroreflex mechanisms.
As stated previously, very little is known about the baroreflex sensitivity in human neonates, and no "normal" values are available for comparison. Although it was not possible in this study to compare Sp-BRS with the sigmoidal curves obtained with the drug induced method to validate the spontaneous method, there are several arguments that make our results consistent. First, the values of baroreflex sensitivity were not significantly diVerent when calculated from the sequences of bradycardia/ hypertension (+ RR/+ SBP) or tachycardia/ hypotension (-RR/-SBP), both in the preterm and in the term neonates (table 2) . Secondly, the individual reproducibility of Sp-BRS values obtained in four neonates over four consecutive days (fig 2) also corroborate our findings. The small average range of Sp-BRS within each neonate indicated day-today variability. We also observed similar Sp-BRS values in three pairs of twins, suggesting that the maturation of their autonomic nervous system was similar. Finally, the high Sp-BRS values fell after treatment with prantal, an anticholinergic quaternary ammonium methylsulfate, in two babies. We did not correlate the information on Sp-BRS with the analysis of heart rate variability. Although both techniques measure parasympathetic activity, heart rate variability and baroreflex sensitivity are not redundant. 8 A study by Barron and Lesh suggested that the two methods measure diVerent aspects of parasympathetic activity. 9 Indeed, heart rate variability primarily reflects tonic vagal activity, whereas baroreflex sensitivity measures predominantly reflex vagal activity. 10 The Sp-BRS method has numerous advantages. First, it does not require the use of drugs or neck chamber apparatus. Second, it measures baroreflex sensitivity in the normal physiological range over a period of time rather than during brief and extreme perturbations induced by pharmacological methods. Third, the Sp-BRS method is non-invasive when used with non-invasive continuous systolic blood pressure monitoring such as Finapres. Thus it can be used frequently for serial measurements-for example, to study the ontogeny of baroreflex sensitivity in neonates.
This study has two principal limitations for the assessment of Sp-BRS in neonates. The first is the limited range of fluctuation in systolic blood pressure and heart rate in resting conditions in some of the neonates. This is why Sp-BRS could only be measured in 14 out of 18 preterm neonates and in five out of seven term neonates. The second is a methodological limitation: to measure baroreflex sensitivity, we selected short periods with important spontaneous variations in systolic blood pressure, inducing RR variations consistent with a baroreflex mechanism. By selecting periods with high baroreflex activity, we may have introduced a bias and, consequently, may have overestimated baroreflex sensitivity. A more objective method to evaluate Sp-BRS has been described recently by Cerutti et al. 8 This method relies on the determination of the statistical dependence of pairs of mean arterial pressure (MAP) and heart rate values. Only the pairs shown to be related to the baroreflex activity (+ RR/+ MAP; -RR/-MAP) are taken into account for calculation of baroreflex sensitivity. Baroreflex sensitivity is then evaluted using the slope of the regression line between these selected MAP and heart rate values, with each pair (MAP, heart rate) being weighed according to its degree of dependence and its frequency of observation.
There is extensive published data which suggest that disorders of the autonomic nervous system, including cardiorespiratory function, may be involved in sudden infant death syndrome (SIDS) and apparent lifethreatening events. The maturation of the control of the cardiovascular system by the autonomic nervous system continues after birth. The degree of maturation may have an influence on the susceptibility to malignant arrhythmias during the first months of life. Therefore, a more comprehensive knowledge of the time course of postnatal autonomic nervous system maturation may be relevant to understanding the mechanisms involved in SIDS.
Until now, investigation of the autonomic nervous system has been confined to oculocardiac reflex and heart rate responses. Parasympathetic function was tested by means of the heart rate beat-to-beat variability. Baroreflex sensitivity is an alternative and quantitative approach to study autonomic nervous system activity. The ontogeny of baroreflex sensitivity might be helpful to the study of autonomic nervous system maturation. The non-invasive method that we describe here might help to resolve the discrepancies between previous results on autonomic nervous system maturation.
Indeed, all the previous studies on the ontogeny of baroreflex sensitivity, performed in animal models, have yielded conflicting results. Arterial baroreflex responses have been demonstrated during fetal and postnatal life. However, the evolution of baroreflex sensitivity with maturation is still debated. Several authors have described a reduced heart rate response to alterations in systolic blood presure in neonates compared with adult animals, suggesting that baroreflex sensitivity increases postnatally with maturation. [11] [12] [13] However, others have found that baroreflex sensitivity is greater in the fetus than in the neonate and that it decreases with maturation. [14] [15] [16] One study showed that baroreflex sensitivity is lower at birth than in adult life. 17 From our study, it seems that Sp-BRS is reduced in preterm compared with term neonates-respectively, 4.07 (2.19) ms/mm Hg and 10.23 (3.07) ms/mm Hg, suggesting an increase in baroreflex sensitivity with maturation. This diVerence indicates a vagal tone that is stronger in term neonates than in preterm neonates, probably because the eVerent control system is underdeveloped in preterms. One possibility is that vagal innervation may not exert its full influence on the sinus node in preterm neonates.
In conclusion, this study shows that it is possible to assess non-invasively cardiac baroreflex sensitivity from spontaneous systolic blood pressure and RR variations in neonates. It may prove a useful method to describe the developmental course of baroreflex sensitivity in children, from preterm, term neonates to older infants, and to compare it with the vagal tone measured by spectral analysis of sinusal RR interval. Furthermore, Sp-BRS may be a useful
